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A naturally occurring split Intein from the dnaE gene 
of Synechocystis sp. PCC6803 (Ssp DnaE intein) has been 
shown to mediate efficient in vivo and in vitro trans- 
splicing in a foreign protein context. A cfe-$plicing Ssp 
DnaE intein construct displayed splicing activity simi- 
lar to the /ra/is-splicingform, which suggests that the N- 
and C-terminal intein fragments have a high affinity 
interaction. An in vitro trans-splicing system was devel- 
oped that used a bacterially expressed N-terminal frag- 
ment of the Sap DnaE intein and either a bacterially 
expressed or chemically synthesized intein C-terminal 
fragment. Unlike artificially split inteins, the Ssp DnaE 
intein fragments could be reconstituted in vitro under 
native conditions to mediate splicing as well as peptide 
bond cleavage. This property allowed the development 
of an on-column frans-splicing system that permitted the 
facile separation of reactants and products. Furthermore, 
the toons-splicing activity of the Ssp DnaE intein was 
successfully applied to the cyclization of proteins in vivo. 
Also, the isolation of the unspliced precursor on chitin 
resin allowed the cyclization reaction to proceed in vitro. 
The Ssp DnaE intein thus represents a potentially impor- 
tant protein for in vivo and in vitro protein manipulation. 



Protein splicing elements, termed inteins (1), catalyze their 
own excision from a primary translation product with the con- 
comitant ligation of the flanking protein sequences (reviewed 
in Refs. 2-4). Inteins catalyze three highly coordinated reac- 
tions at the N- and C-terminal splice junctions (5, 6): 1) an acyl 
rearrangement at the N-terminal cysteine or serine; 2) a trans- 
esterification reaction between the two termini to form a 
branched ester or thioester intermediate; and 3) peptide bond 
cleavage coupled to cyclization of the intein C-terminal aspar- 
agine to free the intein. Inteins have been engineered to be 
versatile tools in protein purification (7-13), protein ligation (9, 
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10, 12, 14-18), and in the formation of cyclic proteins and 
peptides (11, 19, 20). However, the ligation and cyclization 
approaches were limited by the need to generate an N-terminal 
cysteine and/or C-terminal thioester intermediate in vitro. 

In addition to inteins engineered to irons-splice (21-24), a 
naturally occurring split intein was recently identified in the 
dnaE gene encoding the catalytic subunit of DNA polymerase 
III of^Synechocystis sp. PCC6803 (25). The N-terminal half of 
DnaE, followed by a 123-amino acid intein sequence, and the 
C-terminal half, preceded by a 36-amino acid intein sequence, 
are encoded by two open reading frames located more than 745 
kilobases apart in the genome. When co-expressed in Esche- 
richia coli y the two DnaE -intein fragments exhibited protein 
trans-splicing (25). In this report we have further investigated 
the cis- and frtms-splicing activities of the Ssp DnaE intein in a 
foreign protein context. Furthermore, novel methods were devel- 
oped that allow the on-column ligation of protein fragments as 
well as the in vivo and in vitro cyclization of proteins by intramo- 
lecular frans-splicing of the Ssp DnaE intein fragments. 

EXPERIMENTAL PROCEDURES 
Construction of Plasmids—pMEBl was constructed by replacing the 
See VMA intein in P MYB129 (7) with the Ssp DnaE intein sequence 
spanning residues 5-123 to create a fusion gene composed of E. coli 
maltose-binding protein (MBP) 1 (26), the Ssp DnaE intein (residues 
5-123), and the Bacillus circulars chitin binding domain (CDD) (27). 
The Ssp DnaE intein frag ment was amplified from plasmid pDnaE-C- 
209 with primers 5'-TTTGGTACCGAAATTTTAACCGTTGAG-3' and 
5'-GGCTCTTCCTTTAATTGTCCCAGCGTCAAG-3'. The N-terminal 
splice junction sequence, containing the flanking 5 native N -extein 
residues and the 5 intein N-terminal residues, wus inserted between MBP 
and the intein coding regions by linker insertion into the Xhol and Kpnl 
sites in pMEBl to create pMEB2. The linker was formed by annealing 
oligonucleotides, 5 '-TC GAGAAATTTGCTGAATATTGCCTGTCTTTTG- 
GTAC-3'and 5 ' - CAAAAGACAGGC AATATT C AGC AAATTTC-3 ' . 

The DNA sequence encoding the C-terminal 36 amino acid residues 
and the first 3 C-extein residues (5* -ATGGTTAAAGTTATCGGTCGT- 
AGATCTCTGGGCGTGCAGCGCATCTTTGATATCGGTCTGCCGCA- 
GGACCATAACTTTCTGCTAGCCA ACGGCGCTATC GCTGCTAACTG- 
CTTTAACAAATCC-3') was inserted into pMEB2 to create pMEB3, 
which expresses a fusion protein (MEB) composed of MBP, the full- 
length Ssp DnaE intein (residues 1-159) with 5 native extern residues 
at its N terminus and 3 native residues at its C terminus, and the CBD. 
A translation termination codon was introduced into pMEB2 following 
the codon for Lys" 3 of the Ssp DnaE intein by insertion of a linker 
formed by annealing oligonucleotides 5 ' -AAATAA GGAG GTTAAT AAA- 
AGGAAGAGCCATGGCGCGCCTTAATTAAA-3' and 5'-CCGGTTTAA- 
TTAAGGCGC GCC ATGGCTCTTCCTTTTATTAACCTC CTTA -3 ' . The 
resulting plasmid, pMEB4, expresses a nision protein composed of MBP 
and the N-terrainal 123 residues of the Ssp DnaE intein (DnaE(N)J. 
pKEBl contains the kanamycin resistance gene and the pl5a origin of 
replication from pACYC177 (28). It also expresses a fusion protein 
composed of the 36 C-terminal amino acids of the Ssp DnaE intein 
(DnaE(C)) followed by 3 native extein residues and the CBD. pBELll 
expresses a CBD-DnaE(C)-T4 DNA ligase tusion protein in the pBSL- 
C155 vector (10). 

pMEB8 was generated by transferring the 0.6-kilobaeo Xhol to Pstl 
fragment of pMEB3 into pMYB5 (NEB). Mutation of the extein residues 
in pMEB8 was performed by linker substitutions using the Xhol and 
Kpnl sites flanking the N-terminal splice junction or the Nhel and Agel 
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The abbreviations used are: MBP, maltose-binding protein; Ssp 
DnaE intein, a naturally split intein from the dnaE gene of Synecho- 
cystis sp. PCC6803; DnaE(N), the N-tenuinal 123 amino acid residues 
of the Ssp DnaE intein; DnaE(C), the C-terminal 36 amino acid residues 
of the Ssp DnaE intein; CBD, chitin binding domain; FXa, factor Xa- 
PAGE, polyacrylamide gel electrophoresis. 
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Fig. 1. Ssp DnaE intein cis- and trans-splicing constructs. The 
wVsplicinf? constructs, pMEBS, pMEB8-N2, pMEB8-Cl, -C2, and -C3, 
all use MBP and the CBD as the N- and C-exteins, respectively. The 
differences are in the extern residues adjacent to the intein and are 
represented by their single letter code for case of comparison. The 
constructs used in the two-plasm id, /rons-spl icing system were pMEB4 
and pKEBl, which contain the N- and C-terminal Ssp DnaE intein 
fragments, DnaE(N) and DnaE(C), respectively. The intramolecular 
rra/i*-spHcing construct, pMEB2l, placed DnaE(C) and DnaECN) at the 
N and C terminus of MBP, respectively. 
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Fig. 2. Examination of in oioo splicing of the Ssp DnaE intein 
by SDS-PAGE. A, eis-sphcing activity of the Ssp DnaE intein investi- 
gated by expression of the MBP-DnaE-CBD fusion (MSB) protein in E. 
coii. Lane J, uninduced crude cell extract; lane 2, crude cell extract 
following induction at 15 «C overnight. The MEB precursor <68 kDa), 
the splicing products MB (50 kDa) and E (18 kDa), and the cleavage 
products M (43 kDa) and EB (25 kDa) are visible. Lane 3, crude cell 
extract after a 2-h induction at 37 6 C; lane 4, crude call extract after a 
2-h induction at 37 °C followed by overnight incubation at 15 °C. B, the 
cis-aplicing activity of the Ssp DnaE intein in v'wo with mutated extein 
residues. Lane J, in vivo splicing activity with 2 native N-extein and 3 
native C-cxtein residues (pMEB-N2). The splicing of the Sap DnaE intein 
with 5 native N-extcin residues and 1 (pMEB8-Cl, lane 2), 2 (pMEB8-C2, 
lane 3), or 3 native C-cxtein residues (pMEB8-C3, lane 4) is hIso shown. C,' 
the Ssp DnaE lutein in vivo fnx/w-splicing activity investigated by a> 
expression of the MBP-DnaE(N) (57 kDa) and the DnaE(C)-CBD (10 kDa) 
fusion proteins. Lane J, uninduced crude cell extract Crude cell extract 
after induction of protein expression at 15 *C (lane 2\ at 37 °C (lane 3), 
and at 37 °C followed by incubation with shaking at 15 "C (lane 4} all 
displayed precursor (ME(N)), spliced product (MB) and cleavage product 
(M). Lane 5, induction of protein expression with ME(N), but not E(C)B, 
displayed no detectable splicing or cleavage. All samples were analyzed 
by Coumassic Blue-etainod 12% SDS-PAGE gels. 

sites flanking the C-terminal splice junction. pMEB8-N2 retains 2 native 
N-extein residues whereas pMEB8-Cl, -C2, or -C3 possess 1, 2, or 3 native 
C-extcin residues (Fig. 1). The intramolecular tra/itf-splicing construct, 
pMEB21, expresses a fusion protein with the DnaE(C) immediately fol- 
lowed by amino acid residues CFNISTG, MBP, which terminates with 
amino acid residues GTLEKFAEY and then DnaE(N)-CBD. 

Ssp DnaE cis- and trans-Splicing in Vivo—E. coli ER2566 cells (7) 
bearing pMEB8 or two compatible plasmids, pMEB4 and pKEBl, were 
grown in LB medium containing the appropriate antibiotic selection at 
37 *C to an A flo0 of 0.5. Protein expression was induced by the addition 
of'0.3 mM isopropyl £-D-thiogalactopyranosido at either 15 °C for 16 h or 
at 37 *C for 2 h. Crude cell uxtracts were visualized by electrophoresis 
on a 12% Tris/glycine gel (Novox, San Diego, CA) followed by staining 
with Coomassie Brilliant Blue. 

Protein Purification— ER2566 cells containing pMEB2 or pBEHl 
were grown at 37 "C to an A^ of 0.5. Following isopropyl 0-r>thioga- 
lactnpyranoside (0.5 min) induced protein expression overnight at 15 °C, 
cells were harvested by ccntri {ligation at 3,000 x g for 30 min. The 
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Fig. 3. Protein £rans-splicing and cyclizatiun reactions using 
the Ssp DnaE intein. A, intermolecular f runs-splicing. The associa- 
tion of the N-terminal and C-terminal Ssp DnaE intein fragments, 
DnaE(N) and DnaE(C), respectively, aligns the two splice junctions for 
the fusion of the N- and C-extein sequences. The splicing reactinn 
presumably occurs via the same splicing pathway as the cii-splicing 
pathway proposed previously (5, 6). Cleavage at the N-terminal splice 
junction can occur by hydrolysis or nucleophilic attack of the thioester 
bond formed at the C terminus of the N-extein. fl, intramolecular 
iroTjfi-splicing. A target protein is sandwiched between the intein C- 
terminal segment (36 amino acids) and the intein N-terminal segment 
f 123 amino acids). Splicing joins the N terminus of the target protein to 
its own C terminus through a peptide bond. The presence of a CBD 
fused to the C terminus of the intein N-terminal segment facilitated 
purification of the precursor protein and the subsequent in vitro cycli- 
zation reaction on dutin resin. 

MBP-DnaE(N)-CBD (ME(N)B) fusion protein was purified by amylose 
as described previously (9). The cell pellet was resuspended in BufFer A 
(20 mM Tris-HCl, pH 7.0, containing 500 mM NaCl) and lysed by soni- 
cution. After centrifugation at 23,000 x g for 30 min the supernatant 
was applied to a 15*ml amylose resin (NEB) equilibrated in Buffer A. 
The resin was washed with 10-15 column volumes of Buffer A. The 
fusion protein was eluted with Buffer B (20 mM Tris-HCl, pH 7.0, 
containing 500 mM NaCl and 10 mM maltose). Protein concentrations 
wcro determined using the Bio-Rad protein assay (Bio-Rad). 

In Vitro trans- Splicing and lor Cleavage Assay— ira as-Splicing 
and/or /ra/w -cleavage studies of the Ssp DnaE intein were conducted in 
vitro using the purified ME(N)B and two 40-amino arid peptides, syn- 
thesized os described previously (9), consisting of the C-terminal 36 
amino acids of the Ssp DnaE intein, with either an Asn (Splice-pep) or 
an Ala at residue 36 <Cleav-pep), and the next four naturally occurring 
amino acids (CFNK). The splicing peptide had a biotinylated lysine OC*) 
as the C-terminal residue. The reaction consisted of adding either the 
splicing or cleavage peptide (500 jlim final concentration) to ME(N)B (1 
mg/ml) in reaction buffer (100 mM Tris-HCl, pH 7.0, containing 500 mM 
NaCl) followed by incubation overnight at room temperature. The on- 
colujnn ZroTie-spIicing used the CBDJ)naE<C)-T4 DNA iigase protein 
absorbed onto a chitin resin iu which unbound protein was washed off 
with 20 column volumes of Buffer A. The ME(N)B fusion protein (9 ^m), 
either free in solution or prebound to chitin beads, was then added to 
the chitui-bound CBD-DnaE(C)-T4 DNA ligase (3 pMl The reactions 
were then incubated for 16 h at the appropriate temperature in Buffer 
A and monitored by SDS-PAGE. 
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cno w ^ ]™»*«PH™* «* th«S«p DnaE intein. A, 10-20% 

S_ ™£?;L£ el ? f F^Pttde-induoed splicing and cleavage of MBP- 
DnoE(N)-CBD (ME(N)B). Lane 1, amylose-purified ME(N)B (64 kDa) 
Lane 2, ME(N)B, 1 m*/ml, following overnight incubation with the 
sp icing peptide (Splice-pep, 500 ^t M ). The cleavage product (M) and 
spliced product (M-CFNK*) co-migrate at 43 kDa. Lane 3, ME{N)B 1 
mg/ml, after overnight incubation with the cleavage peptide (Cleav-pep 
600 ^im). Both Splice-pep and Cleav-pep are based on the C-terminai 
fragment of the Ssp DnaE intein as described under "Experimental 
ftocedures B, frana-splicing of MBP-DnaE(N)-CBD {ME(N)B) and 
CBMhiaEfCVW ligase (BE(C)L) examined by 12% SDS-PAGE Lane 

inSSSr 0 ? 1 *? tract ***** inducti0 ° of ME(N)B expression. Lane 2, 
WUMJNMi toUowrag purification over an amylose column; lane 3. M13(N)B 
that was bound to chitin beads and eluted with SDS. The CBD perm its 
*° 3 Chitin resin * La,,e crude cdl ^tract after induction of 
KE(C)L expression; lane 5, chitin-bound BE(C)L that was removed by 
treatment with SDS; lane 6, incubation of amylosc-purificd ME(N)B 
and ch^tin-bound BE(C)L at 4 *C fbr 16 h followed by elation of the chitin 
resin with SDS. The fusion proteins ME(N)B and BE(C)L were bound to 
separate batches of chitin beads, and the chitin-bound proteins were 
mixed fo lowed by ehition of the beads with SDS after incubation at 4 °C 
{lane 7), 16 C (lane S), or 37 °C (lane 9) for 16 k Lane 10, the supernatant 
from the chrtm bead mixture described in Ian* 8. Note that the spliced 
product (ML) is free in solution whereas the reactants remain bound to 
the chitm beads -If**!!, Fx*} treatment (1:100, FXa:ML) of the super- 
natant fraction. Af, MBP (43 kDa); L, T4 DNA ligase (58 kDa). 

Protein Cycl&atum and Analysis— ER2566 cells bearing pMEB21 
were grown, induced, harvested, and lysed as described under "Protein 
Purification." Tho clarified supernatant from cells induced at 15 °C was 
applied to an amylose resin (10- ml bed volume) whereas the clarified 
supernatant from cells induced at 37 "C was applied to a ch,tin resin 
< 15-ml bed volume). Unbound proteins ware washed from the resin with 
20 column volumes of Buffer A. Proteins were eluted from the amylose 
column with Buffer B. The intramolecular rmns-splicing reaction pro- 
ceeded in vitro when the chitin column was incubated for 20 h at room 
temperature. Reaction products were eluted from the resin with Bufibr A 
The cyclic MBP was analyzed by treatment with FXa (1:100, FXa;protoin 
mass to mass ratio) overnight at 4 *C to generate linearized MBP. The 
proteolyzed pm terns were subjected to amino acid sequencing using a 
PiTCisu 494 protein sequencer <PE Applied Binsystems, Foster City, CA). 

RESULTS 

In Vivo Splicing Activity of the Ssp DnaE Intein— The cis- 
splicing activity of the Ssp DnaE intein was investigated by 
expression of MEB in E. coli cells bearing pMEB8 (Fig 1) The 
presence of the MBP-CBD (MB) band following induction of 
protein expression demonstrated that the Ssp DnaE intein can 
splice in cis with only 5 native N-terminal and 3 native C- 
terminal extein residues (Fig. 2A, lane 2). The identity of splic- 
ing products was confirmed by Western blot analysis using 
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Fig. 5. Protein circularization in E. coli and on a chitin col- 
umn. .A, in. vtvo protein Cyclization. tene /, uninduced crude cell ex- 
tract; lane 2, crude cell extract following induction at 15 *C contains the 
Praursor D„aE(C)-MBP-DnaE(N)-CBD (E(C)ME(N)B. 65 kDa), cyclic 
^^V 4 rl J^ ear M 811 « kDa), the DnaE(C)-MBP 

US(C)M, 45 kDa), and DnoE(N)-CBD (E(N)B, 23 kDa). Lane 3, clarified 
cell extract from 2 following passage over an amylose column. Note 
that the cyclic MBP binds to amylose. Lane 4. proteins eluted from 
amylose Tesmjjane 5, the eluted sample incubated with factor Xa 
(1:100, FXaiMBP). FXa treatment also resulted in the release of a 
45-kDa species corresponding to E(C)M. B, in vitro protein ciruulariza- 
tion. Lant 2 uninduced cell extract; lane 2, crude cell extract following 
inducUon at 37 °C; lane 3 t clarified cell extract following passage overt 
chitin column; W 4 proteins eluted from the chitin column following 
incubation at 23 "C for 16 h; W 5, incubation of the chitm-eluted 
sample with factor Xa (1:100, FXarMBP). All reactions were performed 
SftfflJ&WlCT ?ggj ,Experimentfll p «**d*«*" and were analyzed on a 

anti-MBP and anti-CBD antibodies and binding to chitin and 
amylose resins (data not shown). In addition to the spliced 
product, there was significant cleavage of the peptide bond at 
the N terminus of the Ssp DnaE intein. 

The role of the extein amino acid residues was investigated 
by mutation of the distal extein residues in the cis-spUcing 
construct (Fig. 2B). Splicing products were detected in mutants 
with either 2 proximal N-extein residues or 3 proximal C-extein 
residues (Figs. 1 and 2B t lanes 1 and 4). However, reduction of 
the C-extein sequence to 1 or 2 native amino acid residues 
inhibited splicing (Fig. 2B, lanes 2 and 3). 

Interestingly, the same pattern of splicing and cleavage as 
seen with the cie-splidng construct was observed for in vivo 
frans-splicing (Fig. 2C, lane 2). Furthermore, both the pMEB4 
and pKEBl plasmids were necessary to induce processing of 
the precursor protein (Fig. 2C, lane 5). There was a slight 
accumulation of Ssp DnaE intein precursor protein when pro- 
tein expression was induced at 37 °C, and this was processed 
after further growth overnight at 15 °C (Fig. 2, A and C). 

In Vitro trans-Splicing with the Ssp DnaE Intern— The in 
vitro fra/^-splicing (Fig. 3) and/or irons-cleavage activity of the 
Ssp DnaE intein was studied using the bacterially expressed 
ME(N)B precursor and two peptides, Splice-pep and Cleav-pep, 
that mimic the C-terminal Ssp DnaE intein fragment (see 
'Experimental Procedures'). Both the Splice-pep and the 
Cleav-pep could activate ME(N)B, resulting in bands corre- 
sponding to the expected spliced and/or cleavage product (Fig 
4A). Furthermore, the ME(N)B precursor was stable in the 
absence of either peptide (Fig. 4A, lane 1). The cleavage and 
splicing products, MBP and MBP-CFNK*. respectively are 
indistinguishable by SDS-PAGE. However, a Western blot us- 
ing anti-biotin antibody indicated that splicing was occurring, 
albeit the extent of reaction could not be determined (data not 
shown). Efficient in vitro trans -splicing occurred between two 
bacterially expressed proteins, MBP-DnaE(N)-CBD and CBD- 
DnaE(C)-T4 DNA ligase, yielding spliced product, MBP-T4 
DNA ligase (ML), at 4 and 16 °C but significantly less at 37 °C 
(Fig. 40). Interestingly, little difference in splicing efficiency 
was observed when either chitin-bound or free ME(N)B was 
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used to react with the chitin-bound BE(C)L. Perhaps the chitin 
binding domain, although possessing high affinity to chitin, can 
dissociate and reassociate with the resin and allow the' two 
intein fragments to react. Following FXa proteolysis of the 
released ligation product, amino acid sequencing of the 68-kDa 
band (expected for T4 DNA ligase) yielded NH 2 -GTLEKFAEY- 
CFNIST-COOH, which corresponds to the expected sequence of 
the ligation junction. 

In Vivo/in Vitro Protein CycLization with the Ssp DnaE In- 
tein— To test the feasibility of protein cyclization by the Ssp 
DnaE intein, the DnaE(C) and DnaE(N) fragments were fused 
to the N and C termini of MBP, respectively (pMEB2X, Figs. 1 
3, and 5). SDS-PAGE (Fig. 5A, lane 2) and Western blot anal- 
ysis (data not shown) of crude cell extract of cells expressing 
pMEB21 showed that there was precursor protein DnaE(C)- 
MBP-DnaE(N)-CBD, linear MBP, circular MBP, DnaE(N)- 
CBD, and DnaE(C)-MBP. The putative linear and cyclic MBP 
species as well as higher molecular weight species (Fig. 5A, 
lane 4) were found to bind to amylose and elute with maltose! 
— The maltose elutcd proteins were subjected to FXa proteol- 
ysis and amino acid sequencing. The upper portion of the 43- 
kDa band yielded NH 2 -GTLEKFAEYJCFNISTGM-COOH, 
which matched the sequence for the cyclic MBP that was lin- 
earized with FXa. Sequencing the lower part of the 43-kDa 
band gave NH 2 -*FNlSTGM-COOH, which matched the N ter- 
minus of the linear MBP, which had not undergone cyclization 
NH 2 -XVKlGRRSLGV-COOH was obtained from the 45-kDa 
band and correlates with the expected sequence from the 
DnaE(C)-MBP product The X designates a sequencing cycle in 
^_which no amino acid could be assigned with confidence. 

l^recursor consisting of DnaE(C )-MBP-DnaE(N)-CBD could be 
obtained by inducing protein expression for 2 h at 37 °C (Fig, 5B, 
lane 2). The precursor was immobilized on a chitin resin through 
the CBD, and intramolecular fro^s-splicing proceeded overnight 
at 23 °C. Fractions from the chitin resin contained cyclic and 
linear MBP species (Fig. 5B, lane 4). FXa treatment of the iso- 
lated proteins (Fig. 5B t lane 5) followed by amino acid sequencing 
confirmed the presence of both the linear and circular forms. 

DISCUSSION 

The present study demonstrated that the Ssp DnaE intein 
was capable of splicing in a non-native protein context and 
determined that the intein fragments can self-associate with no 
more than 5 native extein residues. This implies that the in- 
teraction of the two intein halves in the natural condition is at 
least partly, or perhaps entirely, dominated by the association 
of the intein fragments and not by the extein residues. How- 
ever, the presence of more extein residues may increase the 
efficiency of the splicing reaction and be vital to the effective- 
ness of this intein in the DnaE protein. Interestingly, the trans • 
and cw-splicing activities of the Ssp DnaE intein were almost 
identical; this indicates that the N- and C-terniinal domains of 
this intein have a high affinity interaction. 

Interne represent a unique opportunity to perform protein 
manipulations in vivo as well as in vitro. The present work has 
demonstrated the facile production of circular and possibly 
multimeric proteins in E. coli and opens up new avenues to 
produce stable, bioactive proteins and peptides in living cells. 
Also, a recent paper, published following completion of this 
manuscript, describes the in vivo cyclization of proteins using the 
Ssp DnaE intein, which they term the in vivo split intern-medi- 
ated circular ligation of peptide and proteins (SICLOPPS) (29). 
We propose that the term SICLOPPS be used in the future to 
describe the in vivo cyclization reaction. //wwf-Splicing allows the 
study of cyclic peptides and proteins in a cellular environment. 
Furthermore, the possibility of assembling multimeric proteins 
in vivo is a novel and potentially useful technology. 
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The Ssp DnaE intein may be the intein of choice for in uiti-o 
trans-splicing experiments as it has been demonstrated to un- 
dergo the <ra/is-splicing reaction without the need for a dena- 
turation/renaturation step, as was necessary with other inteins 
(21, 23, 24). Also, the addition of the CBD to either the N- or 
C-terminal intein fragment had no detectable inhibitory effect 
on splicing. These unique properties allowed fusion proteins of 
both the intein N- and C-terminal fragments to be immobilized 
on a chitin resin for the subsequent ligation of two proteins 
under native conditions (Fig. 4BI This represents a significant 
advantage over other intein-based protein fusion techniques 
because the spliced products are easily purified away from the 
column-bound reactants. Furthermore, association of the two 
halves of the Sap DnaE intein permits im/is-splicing to occur at 
relatively low concentrations of reactants. 

The present work demonstrated the use of inteins in both the 
in vivo and the in vitro manipulation of proteins. In particular, 
the Ssp DnaE intein represents an interesting and useful pro- 
tein that frara* -splices effectively in vivo with only minimal 
extein residue sequence and does not require cumbersome de- 
naturation/renaturatian steps for use in vitro. Future work 
should refine procedures to build and modify proteins in a 
cellular environment in much the same way as it is now pos- 
sible to perform in vitro. 
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